Abstract-While the Sense of Agency (SoA) has so far been predominantly characterised in VR as a component of the Sense of Embodiment, other communities (e.g., in psychology or neurosciences) have investigated the SoA from a different perspective proposing complementary theories. Yet, despite the acknowledged potential benefits of catching up with these theories a gap remains. This paper first aims to contribute to fill this gap by introducing a theory according to which the SoA can be divided into two components, the feeling and the judgment of agency, and relies on three principles, namely the principles of priority, exclusivity and consistency. We argue that this theory could provide insights on the factors influencing the SoA in VR systems. Second, we propose novel approaches to manipulate the SoA in controlled VR experiments (based on these three principles) as well as to measure the SoA, and more specifically its two components based on neurophysiological markers, using ElectroEncephaloGraphy (EEG). We claim that these approaches would enable us to deepen our understanding of the SoA in VR contexts. Finally, we validate these approaches in an experiment. Our results (N=24) suggest that our approach was successful in manipulating the SoA as the modulation of each of the three principles induced significant decreases of the SoA (measured using questionnaires). In addition, we recorded participants' EEG signals during the VR experiment, and neurophysiological markers of the SoA, potentially reflecting the feeling and judgment of agency specifically, were revealed. Our results also suggest that users' profile, more precisely their Locus of Control (LoC), influences their level of immersion and SoA.
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INTRODUCTION
Experiencing a high Sense of Agency (SoA), i.e., feeling in control when performing an action, is essential to ensure the efficiency of an interaction between a user and any technology-mediated application. Indeed, the SoA has been shown to influence the learning performance through the modulation of the technology-acceptance [21] . In other words, it seems that in order to enable learning, the technology should first be accepted by the user, and that the technology-acceptance level depends, inter alia, on the level of control felt by the users when interacting with it.
In Virtual Reality (VR) the SoA is mostly considered as a key element of the Presence phenomenon [37] . Several theories have been developed by the community to characterise the SoA. These theories are centered on the challenges raised by VR, notably on the necessity to trigger the Presence phenomenon and therefore on notions of localisation in space and interaction. This is reflected, inter alia, by the work of Kilteni et al. [24] where the SoA is considered as a dimension of the Sense of Embodiment (SoE) together with the Sense of Self-Location and the Sense of Body-Ownership [24] . Such theories are very relevant for characterising the SoA in the context of VR where it is closely interrelated to notions of body positioning in space. Nonetheless, it is noteworthy that there are other ways to characterise the SoA. Indeed, because the SoA is of great interest for many applications, as well as because its investigation requires notions in human-computer interac- tion, psychology and neurosciences, it has been investigated in various disciplines. Notably, literature in cognitive science and philosophy [16] has contributed a lot in the understanding of the SoA. Each of them proposed different and complementary theories and characterisations of the SoA centered on their field of research. In many of these theories, the SoA is considered as a process on its own -and not as a component of a bigger process. Unfortunately, despite the potential benefits of bringing together the different disciplines to study more deeply the SoA, a gap still exists. As a consequence, the first object of this paper is to contribute to fill this gap by introducing and formalising a theory which could deepen our understanding of the SoA in VR. Among the different theories of the SoA (reviewed in [19] ), we chose to focus on a theory stating that the SoA is divided into two components [15, 17, 39] : the feeling of agency and the judgment of agency, and relies on three principles [45] : the priority principle, the exclusivity principle and the consistency principle. We are convinced that this theory could complement well the theoretical frameworks currently used in VR and provide insights on the elements potentially leading to a decreased SoA in virtual environments.
Based on this theory, novel approaches could be proposed to manipulate the SoA in controlled VR experiments, which could in turn result in new findings and contribute to a deeper understanding of the processes underlying the SoA in virtual environments. In the same vein, by linking this theory to research led in different disciplines such as psychology or neurosciences, we could propose new types of measures of the SoA in VR. More precisely, neuroscientific studies have revealed that the SoA was underlain by specific neurophysiological processes, notably modulations of the amplitude of specific brain rhythms (for a review, see [10, 21, 38] ). Most of these studies used intra-cortical measures, Positron Emission Topography (PET) or functional Magnetic Resonance Imaging (fMRI). These methods are not suitable for everyday monitoring of the SoA in VR experiments because all three measures are cumbersome, intra-cortical measures involve a certain risk, and both PET and fMRI are neither portable nor inexpensive. However, it is not clear yet that these processes could be measured using more portable, harmless and cheap brain-measurement techniques such as surface ElectroEncephaloGraphy (EEG) or Near Infra-Red Spectroscopy (NIRS). If it were the case, it would provide a very in-novative and powerful tool, that would also provide new perspectives and potentially lead towards a deeper understanding of the SoA. As a consequence, the second main objective of this paper is to propose novel approaches to manipulate and measure the SoA in VR and then to validate these approaches in an experiment. This experiment will allow the investigation of the following questions: Does our approach enable the manipulation of the SoA? Are the 3 principles relevant in VR, i.e., is the modulation of each of them associated to a decrease of the SoA? Is it possible to use the EEG to measure the SoA in VR? And more precisely, are there any specific neurophysiological correlates of the SoA -and of its two components-that can be measured using EEG?
Our attempt to formalise the theory, and then propose and validate methods to manipulate and measure the SoA in VR is depicted in this paper, following the subsequent structure. Section 2 is dedicated to a review of the VR literature investigating the SoA. Then, Section 3 aims first to introduce the theory according to which the SoA would be divided into the feeling and judgment of agency and would rely on three principles, and then to justify why this theory is relevant for the VR community. New approaches, based on neuroscience, are then proposed to manipulate and measure the SoA in VR environments in Section 4. These approaches are subsequently tested and validated in Section 5. Finally, a general discussion as well as a conclusion and future works are proposed in Sections 6 and 7.
Contributions
This paper asserts four main contributions:
• Contribution #1: Introducing and formalising a theory of the sense of agency which aims to deepen our understanding of the SoA in VR. This theory states first that the SoA process could be divided into two components (namely the feeling of agency and the judgment of agency), and second that it relies on 3 principles (namely the principles of priority, exclusivity and consistency).
• Contribution #2: Proposing an approach to manipulate the SoA, through the modulation of the 3 principles introduced hereinabove, in controlled VR experiments.
• Contribution #3: Proposing an innovative method to measure the SoA in VR that assesses the feeling and the judgment of agency through their neurophysiological correlates.
• Contribution #4: Validating the approaches proposed to manipulate and measure the SoA, in a controlled VR experiment (N=24).
RELATED WORK
This section aims at briefly introducing the work that has been led to study SoA in VR. First, we will see that from a theoretical standpoint, SoA is defined as a dimension of the more general Sense of Embodiment. Then, we will describe some relevant studies that investigated the behavioral and neurophysiological correlates of SoA in VR.
In VR, the sense of agency is considered as one dimension of the sense of embodiment
As stated in the introduction, several characterisations of the SoA have been proposed. Here, we chose to focus on a widely accepted one proposed by Kilteni et al. [24] . [24] , the SoE refers to a series of sensations that arise in conjunction with being inside, having, and controlling a body. As a consequence, the SoE can be characterised by the following three components [24] : the Sense of Self-Location, the Sense of Body Ownership and the Sense of Agency.
• The Sense of Self-Location (SoSL) refers to a certain volume in space where one perceives oneself to be located. Rather than being related to the spatial experience of simply being inside the world, the SoSL refers to the spatial experience of being inside a body. It is thus highly determined by the egocentric visuospatial perspective. SoSL can be experienced in Virtual Reality using a first person perspective, i.e., by respecting the position of the eyes of the artificial body. A third person perspective, conversely, will break the natural conditions in which subjects experience self-location with respect to their real body [12] .
• The Sense of Body Ownership (SoBO) refers to the sense that "I am the one who is undergoing an experience" [16] , or to the fact that "one's own body is the source of sensation" [41] . In virtual reality, the SoBO can be increased by creating sensory (e.g., visuotactile or visuoproprioceptive) correlations between one's biological body and the seen stimulation on the virtual body. This principle underlies the well-known rubber-hand illusion [7] . Globally, on both structural and morphological aspects, the more similarities between one's biological body and the virtual body, the more SoBO perceived.
• The Sense of Agency (SoA) is the sense that "I am the one who is causing or generating an action" [16] . More precisely, it refers to the sense of having "global motor control, including the subjective experience of action, control, intention, motor selection and the conscious experience of will" [4] . The sense of agency can be induced in virtual reality when the motion of the participant is exactly replicated in real-time (or near real-time) on the virtual body. More details about the SoA, the ways to modulate it and its neural correlates are provided in Section 4.1.
While questionnaires are most of the time used to assess the different dimensions of the SoE, their specific neurophysiological correlates have also been investigated in VR. Due to the popularity of the "rubber-hand illusion" the majority of these studies have investigated the correlates of the body-ownership and self-consciousness dimensions [5, 14, 18, 42] . The neurophysiological correlates of the sense of self-location have also been investigated, albeit more modestly [2, 9, 29] . In this paper, we will focus specifically on the SoA dimension, which may be the one that has been the least investigated by the community so far.
Investigations of the sense of agency and its neurophysiological correlates in virtual reality

Investigating the SoA in VR using behavioural measures
Argelaguet et al. [1] investigated the impact of the realism of operators' hands on their SoA. Thus, they implemented a pick-and-place task in a virtual environment and asked participants to perform this task with different kinds of virtual hands. Their results show that the SoA was higher with less realistic hands for which there was less of a mismatch between participants' real actions and the animation of the virtual hand. Nonetheless, the sense of body-ownership was higher with the humanlike virtual hand. Furthermore, in their study Tieri et al. [40] assessed operators' sense of body-ownership and SoA during passive movement observation of an avatar both when the full limb was displayed (here, the full arm) and when there were "visual discontinuities" (i.e., absence of some segments of the limb, between the wrist and the elbow). Their results suggest that passive observation can indeed induce a SoA and a sense of body-ownership but that they are both impaired in case of visual discontinuities. These results are consistent with the ones of Kokkinara et al. [26] who have shown that a seated person immersed in a virtual environment with a first person perspective could experience an illusory SoA over a walking avatar. Nonetheless, this SoA significantly decreased in the third-person perspective condition. Kokkinara et al. [27] also investigated the effects of spatial (angular offset) and spatiotemporal (modification of the speed) distortions of the visual feedback in a virtual environment on operators' SoA and SoBO. Therefore, they implemented a task in which participants had to reach a target (a semi-transparent ball). Either the speed of their movement or the angular offset of their arm was increased when replicated on the avatar. Results show that both of these modifications changed the participants' proprioceptive judgment of the size of the objects but did not alter their SoBO. However, the SoA dropped significantly in case of spatiotemporal distortions. Finally, Banakou et al. [3] investigated how VR users tend to attribute an action to themselves in a virtual environment. Thus, they embodied participants in an avatar and placed them in front of a mirror in a virtual environment. For half of the participants, the avatar moved synchronously to themselves while for the other half, the avatar's actions were uncorrelated to their own actions. The avatar spoke with corresponding lip movements and half of the participants received in addition vibrotactile stimulations on the thyroid cartilage.
Results show that participants in the synchronous condition tended to attribute the speaking to themselves. The authors argue that the sense of body-ownership plays a crucial role in modulations of the SoA, which could somehow be in opposition with Kalkert and Ehrsson [22] results which had suggested a double dissociation between the sense of body-ownership and the SoA, and thus the independence of both processes. These results, while insightful, show that we are still far from a full understanding of the SoA process. This may be explained, at least in part, by the fact that so far questionnaires have mainly been used to assess operators' SoA. While such questionnaires have the advantage of being simple to use, they also present some flaws: among others, the scores are likely to be dependent on the context, i.e., on the environment (e.g., observer-expectancy effect) and on the cognitive and conative states of the operator (e.g., fatigue, level or attention or motivation). Thus, while very insightful, the scores obtained at questionnaires can variate along the experiment due to confounding factors, independently from the level of agency. They also require the operator to perform an additional task (completing the questionnaire) and thus do not enable "real-time/in-task" recordings of the level of agency. Therefore, using additional measurement techniques, overcoming these flaws, could be of the greatest interest. Specific physiological and neurophysiological measurements present the advantage of being less subject to confounding factors and of enabling "real-time/in-task" recordings. Such neurophysiological correlates have been investigated in some VR studies. They are introduced in the next section.
Investigating the SoA in VR using neurophysiological measures
Nahab et al. [33] carried out an ecological virtual reality experiment during which participants had to perform finger movements. The visual feedback they received was more or less manipulated, i.e., by moving their hand, participants were controlling the virtual hand movement at 100% (full agency), 75%, 50%, 25% or 0% (no agency). The behavioural results suggested the existence of a bias that led subjects to over-or underestimate the amount of control they had. Then, the neurophysiological results -obtained using fMRI recordings -suggest that the right supramarginal gyrus, left anterior inferior parietal lobule, anterior insula, and right temporoparietal junction might be involved in mismatch identification, and that the bilateral prefrontal, cingulate, and bilateral posterior inferior parietal lobule might process this mismatch information and consequently generate an appropriate SoA [33] . A following EEG study [23] , performed using the same experimental protocol, suggested that alpha band activity may be "the main neural oscillation" involved in the SoA and that the neural network within the anterior frontal area may be important in the generation of SoA [23] . Furthermore, Padrao et al. [35] investigated the neurophysiological correlates of violations of agency. Indeed, such violations, that correspond to a mismatch between the expected and actual outcome of one's actions, can be detected through the triggering of error detection mechanisms. The authors investigated these errors mechanisms by asking the following question: are the error-detection mechanisms the same for self-generated and external actions? Their results show a clear neural dissociation between both processes. Indeed, while "real errors" (i.e., self-generated errors) elicited a classic error potential, namely an N100 in fronto-central areas, "false errors" (i.e., errors generated by the avatar) elicited a parietal N400 which typically characterises semantic or conceptual violations. In addition, the amplitude of the N400 correlated with the subjective feeling of body-ownership. This section provided an overview of the studies led in VR to investigate the SoA. In the next section, we propose a characterisation of the SoA that could enable us to further understand this process.
INTRODUCING THE TWO COMPONENTS AND THREE PRIN-CIPLES ON WHICH THE SENSE OF AGENCY RELIES
Theoretical aspects -The Sense of Agency has 2 components and relies on 3 principles
Defining the Concept of Sense of Agency: from the Feeling of Agency to the Judgment of Agency
As stated earlier, the Sense of Agency (SoA) corresponds to the sense that "I am the one who is causing or generating an action" [16] . This SoA can be divided into 2 components [15, 17, 39] : (1) the feeling of agency and (2) the judgment of agency. These two concepts of feeling and judgment of agency correspond to what Banakou and Slater [3] present as one factor explaining the SoA, the "cause (intent to act) preceding the effect (the results of the action)". The feeling of agency is pre-reflective, implicit, low-level and non-conceptual while the judgment of agency is reflective, explicit, high-order, belief-like and conceptual. In other words, the feeling of agency precedes the action outcome (i.e., the perception of the feedback), it is triggered at the very early stages of the action, while the judgment of agency results from the computation of the comparison between the predicted and actual outcomes of the action (i.e., it is computed once the feedback has been perceived and processed). Synofzik et al. [39] explain that a feeling of agency must be conceptually processed for a judgment or an attribution of agency to occur. In order to experience a judgment of agency, three principles must be respected [45] when providing the feedback. These principles are described in the next section.
Introducing the 3 Principles Conditioning the Agency
The judgment of agency relies on three principles, which would be the general conditions for attribution of causality [45] :
• The priority principle: the conscious intention to perform an act must immediately precede the action, which in turn should immediately precede the outcome.
• The consistency principle: the sensory outcome must fit the predicted outcome.
• The exclusivity principle: one's thoughts must be the only apparent cause of the outcome (i.e., one must not believe there to be an outside influence).
While raised and discussed in some VR papers, notably in [3] , to our knowledge these three principles have never been formally considered so far in VR to study the SoA. Furthermore, in addition to these three principles several indicators influencing the judgment of agency have been proposed [43, 44] : bodily and environmental cues ("Where am I?"), bodily feedback (proprioceptive and kinesthetic information), bodily feedforward (i.e., the predicted sensory feedback), sensory feedback, social cues, action consequences and action-relevant thoughts (thinking about doing beforehand, in other words, the feeling of agency). On the one hand, the absence of some of these indicators can lead to "a case of automatism" [43] , that is to say to the absence of judgment of agency: the agent is "doing without feeling". On the other hand, the manipulation of the same markers can lead to "an illusion of agency/ownership" [43] : agents who are "feeling without doing", and thus think they are in control although they are not. Manipulating of disregarding these principles and elements (i.e., principles and indicators introduced hereinabove) can thus potentially impair VR users' sense of agency. In the following section, we will introduce some examples of situations in which the sense of agency can be impaired in VR environments, by targeting more specifically the "3 principles" introduced hereinabove as they are the central focus of this paper. First-person perspective: the participant is provided with an instruction through a video displayed on the virtual screen (once the video ended, the go picture will tell them to start moving).
Practical aspects -The manifestation of these principles in Virtual Reality systems
By definition, virtual environments are simulated. Despite the great improvement of computational power, tracking systems precision and response, and head-mounted displays quality, virtual environments can still suffer from technical limitations. In this section, we advocate that such limitations can potentially induce modulations of the three principles introduced hereinabove, in turn resulting in a decreased SoA. First, low responsive tracking systems as well as simulations requiring too much computation (e.g., due to high quality rendering) can introduce latency. In other words, the time between the action performed by the user and the consequent update of the virtual environment is extended. Thus, the feedback does not anymore immediately follow the action, which modulates the priority principle and thus could theoretically result in a decreased SoA.
Second, jumps in the tracking can occur owing to network issues or occlusions of the tracker to name only a few. In such cases, the latest movements of the operator will not be taken into account for the visual feedback in the virtual environment. Instead, previous positions of the limbs will be displayed until the tracking works again. In such circumstances, the sensory feedback is different from the real action and thus from the predicted feedback, which could result in a modulation of the consistency principle and in a potential reduction of the SoA.
Finally, the precise replication of the operator's movements in a virtual environment requires this operator to be equipped with numerous sensors. Most of the time, technical constraints prevent the operator from being equipped with enough sensors in which case extrapolations are required. Thus, based on physical, anatomical or behavioural models, algorithms will be used to extrapolate the movements of the body parts not equipped with sensors, from the movements recorded on the equipped limbs. However, such algorithms can make errors of prediction and, for instance, assume that a body-part moved while it did not. In this case, the operator's thoughts are not anymore the only apparent cause of the outcome. The exclusivity principle is modulated, which may induce a drop of the operator's SoA.
All together, these examples illustrate the potential gains in considering these 3 principles in order to better understand how and why the SoA is impaired in some virtual environment. Now, in order to experimentally evaluate the relevance of these principles, specific approaches to manipulate them and then consequently measure the SoA should be proposed. This is the object of the next section.
NOVEL APPROACHES TO MANIPULATE AND MEASURE THE SENSE OF AGENCY IN VIRTUAL ENVIRONMENTS
Manipulation of the sense of agency
The object of this section is to propose an approach to manipulate each of the three principles in a controlled experiment (aiming, for instance, at investigating the sense of agency in VR). We chose to focus on hand movements for several reasons. First, they are the main body medium for interaction in VR environments. Also, given their high number of degrees of freedom, they enable the user to perform a lot of different kinds of movements and are therefore often used by VR operators to test the responsiveness of VR environments.
As a matter of fact, we hereafter propose a manipulation of the SoA based on the modulation of the three principles described in Section 3.1.2. For each of the principles, we propose three modalities of modulation in order to avoid too much habituation.
• Priority principle (the conscious intention to perform an act must immediately precede the action, which itself must immediately precede the outcome): in order to modulate the SoA based on this principle, we propose to add a visual latency between the user's movement and the feedback (i.e., the virtual hand's movement).
Here, we propose this latency to be of either 1s, 1.5s or 2s.
• Consistency principle (the sensory outcome must fit the predicted outcome): here, we propose to manipulate the feedback through the inversion of two fingers in order to modulate the consistency principle. For instance, the virtual hand's index could move as the real hand's ring finger and vice-versa. These inversions would include proximal, intermediate and distal phalanges. In order to increase the visual discrepancy, and thus the likeliness that this inversion is perceived by the operator, we propose not to inverse the movements of adjacent fingers but rather of more distant fingers. Also, the thumb axis being different from the axes of the other fingers, a movement inversion between the thumb and another finger is more complex to compute while aiming at maintaining a realism in the movements. As a consequence, we propose inversions of either the index with the ring finger, the index with the little finger or the middle with the little finger.
• Exclusivity principle (one's thoughts must be the only apparent cause of the outcome): finally, in order to modulate the exclusivity principle, we propose to make one of the fingers not responsive to users' movements. In other words, this finger would "move by itself". This "mad finger" could be any of the fingers. Here, we propose to select the thumb, the middle and the little fingers.
Measure of the Sense of Agency: Taking advantage of the research in neuroscience
In Section 2.2, we presented some VR studies investigating the neurophysiological correlates of the SoA. This section aims in turn to bring forward studies led by other communities that revealed neurophysiological correlates of the SoA potentially underlying the theory we propose, notably the fact that the SoA is divided into two different components. Several studies have been investigating the neurophysiological correlates of the SoA. Reviews of these correlates have been proposed in [10, 21, 38] . To summarise, despite the fact that the neural correlates of the SoA remain barely understood [14] 
an increased activity in the Pre-Motor Cortex (PMC) [14, 15] and more specifically in its ventral part, the Supplementary Motor Area (SMA) [15, 28] . In Farrer and Frith [15] , it has also been suggested that an increase of the activity of the anterior insula occurred when a person was aware of causing an action. Contrariwise, the activation of the right Posterior Parietal Cortex (PPC) has been shown to negatively correlate with the SoA: the more a person tends to attribute the action to another person, the more the PPC is activated [15] . In other words, the activity in the PPC increases when there is a mismatch between the predicted and the actual sensory outcomes of the action [8] . Also, the cerebellum would act as a relay to inform about the sensorimotor discrepancies between the predicted and actual outcomes of the action [10] . While consistent, these correlates are still discussed. For instance, in [28] , no correlation between the PPC activation and their subjective measure of agency was reported.
As a reminder, we proposed to characterise to SoA as a process that can be divided into 2 components: the feeling of agency and the judgment of agency. On the one hand, the pre-motor cortex being solicited at very early stages of the action, we hypothesise that its activation could specifically reflect the "feeling of agency" component. On the other hand, the fact that the right posterior parietal cortex is activated when there is a mismatch between the predicted and the actual sensory outcome suggests that its degree of activation may reflect the "judgment of agency" component.
These correlates have essentially been revealed thanks to the use of intra-cortical EEG or fMRI measures. Because we cannot reasonably rely on these brain imaging techniques for wide-spread studies of the SoA, we propose here to investigate the feasibility of using surface EEG to detect these specific markers of the SoA, and more specifically of its two components. NIRS also has the advantage of being portable and cheap together with having a high spatial resolution. Therefore, its combination with EEG, which has a best temporal resolution (and thus seems to be the best candidate for this study), could be investigated in future works. We used a 32-channel EEG cap in order to have a high-density coverage of the fronto-central (around the pre-motor cortex) and parietal areas. We propose to record the EEG activity both in high-agency and low-agency conditions, low-agency conditions being obtained through the modulation of the three principles. Based on Haggard [19] , who states that "the key neural correlate of sense of agency might lie in the connectivity between frontal and prefrontal motor areas that initiate action and parietal areas that underlie the monitoring of perceptual events", the amplitude of the signals recorded should be higher over the pre-motor cortex at early stages of the action in the high-agency condition (i.e., when the principles are not modulated), while it should be higher over the right posterior-parietal cortex when the feedback is perceived in the low-agency condition (i.e., when one of the principles is modulated).
EXPERIMENTAL VALIDATION OF OUR APPROACHES TO MA-NIPULATE AND MEASURE THE SENSE OF AGENCY IN VIR-TUAL ENVIRONMENTS
Rationale and hypotheses
This paper aims to introduce new approaches to characterise, manipulate and measure the SoA in virtual environments with the long term objective of deepening our understanding of this process and improve VR systems. Thereby, the following experiment aims at testing the relevance of our approach, and more precisely to answer the following questions: Is this characterisation relevant in VR? Does the modulation of each of the three principles induces a decrease of the SoA? Are there specific EEG markers of the SoA and more specifically of its two components?
Concerning the manipulation of the SoA, the approach to modulate the three principles introduced in Section 4.1 will be applied. We hypothesise that the perceived SoA (which will be measured using questionnaires) will be higher when the principles are not modulated than when they are. Concerning the measure of the SoA, we will use Figure 2 . Photo of the experimental set-up. The participant is equipped with an EEG cap, plugged to g.USBAmp amplifiers. In addition, he is immersed in the virtual environment using an Oculus Rift attached to his head and supported by an articulated arm (to avoid any pressure on the EEG cap and reduce the risk of muscular fatigue). Finally, his head is tracked by the Oculus tracker and his right hand is tracked by a Leap Motion fixed in front of the Oculus Rift.
(in addition to the hereinabove mentioned questionnaires) the EEG for the reasons explained in Section 4.2. We hypothesise that a stronger activation of the pre-motor cortex, reflecting a high feeling of agency, will be revealed at the early stages of the trials in "high-agency" conditions (i.e., when the principles are not modulated), while a stronger activation of the right posterior-parietal cortex, reflecting a low judgment of agency, will be revealed after the feedback is perceived in "low agency conditions" (i.e., when one of the principles is modulated).
Participants
24 naive participants (5 women, 19 men; aged 23.54 ± 2.84 year-old) volunteered to take part in this study. They were all right-handed according to the Test of Laterality of Harris [20] . They all completed and signed an informed consent form at the beginning of the session. The experiment procedure conformed to the Declaration of Helsinki.
Experimental procedure
The experiment consisted in a 2 hour-long session during which participants had to rate their perceived level of agency (from 1 to 7 -Likert scale) right after performing some specific movements of the right-hand in a virtual environment. Their brain-activity was recorded during the task and processed offline in order to investigate the potential neurophysiological correlates of the SoA. Hence, at the beginning of the session, participants first completed an informed consent form, a basic information questionnaire (age, gender, number of hours of sleep) as well as the Test of Laterality of Harris [20] that enabled the experimenter to check that each participant was right-handed. Then, they completed the "Internal -Powerful Others -Chance" (IPC) cognitive test [30] . This 24-question questionnaire aims to determine participants' LoC (i.e., if they mainly consider the results of their actions as due to themselves, to powerful people or to chance) based on questions related to their perception of the outcomes of everyday situations. Among others, the LoC has been shown to correlate with the sense of presence [32] . As a consequence, we were willing to investigate its relationship with agency. Once this step completed, the 32-electrode EEG cap was installed and participants were read the instructions for the following experiment. All participants were provided with exactly the same instructions, which indicated to them that they would have to perform 3 runs (sequences) of around 12 minutes each, during which they would be immersed in a virtual environment (see Figure 1) : a living room, equipped with a TV on which some pictures and videos would be displayed, and a table on which the virtual hand of their avatar would be placed. Each of these runs started with a 30s-long baseline, and was then divided into 9 blocks of trials. One block of trials was structured as follows: first, a video, displayed on the virtual TV and used as the instruction, presented one of the 3 pre-determined hand-movements (counting, tapping or abducting/adducting the fingers -see Figure 3 ) for 4 seconds; following this video, participants had to perform the demonstrated movement repeatedly for 6 trials of 8 seconds each. Each Figure 3 . Photos representing a participant performing the 3 kinds of pre-determined movements: tapping, counting and adducting/abducting the fingers. On the far-right photo, we can also observe what the participant see in through the HMD. In this case, the feedback is not manipulated, so she is provided with a visual feedback replicating her real movements.
trial started with a "GO" picture displayed on the virtual TV. After 8s, a "STOP" picture indicated the participant they could stop performing the movement, and the following question was asked: "On a scale ranging from 1 to 7, how much did you feel in control during this trial?". Participants had to press the appropriate key (between 1 and 7) on the keyboard and then to validate by pressing the space bar. The next block of trials started 1s afterwards. Among the 6 trials of one block, 3 were not manipulated while the other 3 were manipulated, each of them following a different principle, i.e., the priority, consistency or exclusivity principle. In total, the SoA could strictly be modulated in 9 different ways. In total, participants performed 162 trials (3 runs * 9 blocks * 6 trials) among which half were manipulated. Indeed, each of the 3 principles can be modulated in 3 different ways, e.g., the priority principle has 3 modalities: a lag of 1s, 1.5s and 2s. Nonetheless, as the different modalities of each principle were not meant to be associated with different levels of SoA, they were considered the same for the analyses. The movement associated with each block of trials as well as the order of the trials (manipulated and not-manipulated) within the blocks and the modality of the modulation were counterbalanced between the participants in order to avoid any order effect. The only parameter that remained constant was the first trial of each block: it was always a not-manipulated, i.e., supposedly high agency trial. This way, the score of perceived agency provided at this trial served as a reference for the other trials of the block. After 9 blocks of trials, the run was over. The VR apparatus was temporally taken off and participants were proposed a break before they started the next run. Finally, at the end of the session, they had to complete a "Final Questionnaire" (inspired from Argelaguet et al. [1] ) the goal of which was to assess their global level of immersion.
Experimental set-up
A major challenge consisted in measuring participants' EEG (using a 32 channel device, with electrodes covering the whole scalp area) at the same time they were immersed in a virtual environment, through the use of a Head-Mounted Display (HMD) device. Indeed, while no pressure should be applied on the electrodes (to avoid any distortion of the recorded signal), HMD devices are usually maintained to users' head using elastic bands placed around the head. We thus had to design a system that enables the HMD to be fixed to the head without using elastic bands. We decided to make use of an articulated arm on which the HMD was attached. The user could place their head on the HMD which was attached to them using a single string of rope. In addition to its advantage of not applying any pressure on the electrodes, this system enabled participants to have some mobility of the head and to support the weight of the HMD device, thus reducing the muscular fatigue. The physical configuration of the experiment is shown in Figure 2 .
For immersing participants in our virtual environment we used the Oculus Rift (DK2) HMD, which has a resolution of 960 px x 1080 px per eye and a 100 • nominal field-of-view. Participants were seated in front of a table on an adjustable (height, backrest and seat) office chair to allow them to have a comfortable position during the experiment. The head tracking was provided by the Oculus Rift (DK2), the tracker of which was positioned on the table in front of the participant, on the left, to avoid any obstacle between the Oculus Rift and its tracker (such as the hand during movements) which could cause jumping video streaming due to loss of tracking. Also, a small box was placed on the physical set-up in front of the participant in order to elevate their right hand and thus to maximise its position in the field of view of the Leap Motion / Participant and to avoid a potential muscular fatigue.
The graphics were generated by a desktop computer equipped with an Intel Xeon E5-1603 v4 processor and 16Gb Random-Access Memory. The PC had one Nvidia GeForce GTX 1080 graphic card. This PC ensured a constant 75Hz display rate during the experiment. The participants' hands were tracked using a Leap Motion. The Leap Motion was placed on the Oculus Rift using the Leap Motion Universal VR Developer Mount. It allowed a permanent interaction space in front of the head of the participant, even when they moved their head. The environment in front of the participant was covered by an anti-reflective tissue to limit infra-red interferences and ensure optimal tracking. The Leap Motion SDK used was the latest available (Orion). The virtual hand was replicating the participants' movements in near real time (≤50 ms latency). The virtual environment used in the experiment matched the physical set-up providing both a reference frame and passive haptic feedback when touching the desktop. A scheme of the experimental set-up is proposed in Figure 2 .
The experiment was implemented in Unreal Engine 4.15.3 using both C++ and blueprint (Visual Scripting system of Unreal Engine). The virtual environment was based on the Unreal Engine Realistic Rendering Technical demo. To avoid the Uncanny Valley effect and maximise the SoA while keeping a morphological and human like virtual avatar, we used a semi-realistic/semi-cartoon virtual avatar. Indeed, the SoA was demonstrated to be kept even when avatars are not realistic [46] or differ from the users morphology [25, 31] . The use of a cartoon-like character enabled us to avoid having to adapt the shape of the hand and skin colour to each participant, as we would have had to do if the representation had been more realistic. Details about the EEG set-up, recording and pre-processing are provided in the next section.
Recording and Pre-Processing of the EEG Data
The EEG was recorded using two g.USBAmp amplifiers (g.tec, Austria), by means of 32 wet (g.tec LadyBird) scalp electrodes (C6, CP5, CP1,  CP2, CP6, P7, P5, P3, Pz, P4, P6, P8, PO7, PO3, PO4, PO8, F5,  F1, F2, F6, FC5, FC3, FC1, FC2, FC4, FC6, C5, C3, C1 , Cz, C2, C4, 10-20 system), referenced to the right ear and grounded to AFz. Such electrodes cover the whole scalp, with a higher density above the pre-motor and parietal areas, which are our main areas of interest. Indeed, as described in Section 4.2, modulations of the SoA would be underlain by specific modulations of the EEG activity in the pre-motor Figure 4 . Diagrams representing the perceived agency score as a function of the condition and of the run. On top, the average scores obtained at the manipulated vs. not-manipulated trials are displayed (with standard deviation). The 2-way ANOVA for repeated measures revealed a main effect of the Manipulation as well as a main effect of the Run. Down, the scores provided for each modulation type are displayed. Here, the 2-way ANOVA for repeated measures revealed a main effect of the modulation type. Ad-hoc analyses indicate that modulations of the priority principle were associated with better scores that the other 2.
and parietal cortices. EEG data were sampled at 512 Hz. For the offline analyses, EEG signals were band-pass filtered in 1-40Hz and epoched. The epochs started 1000ms before the start of the trial (i.e., the "GO" picture) and ended 8000ms after the start of the trial (i.e., when the "STOP" picture was displayed). Then, a semi-automatic method was used for artefact removal: using EEGLab, epochs containing abnormal values (inferior to -200µV or superior to 200µV) or abnormal trends (maximal slope superior to 200µV with a R-squared limit fixed to 0.3) were first marked down. Then a visual inspection of all the data sets enabled the rejection of artefacted epochs. Then, data were rereferenced using Common Average Referencing (CAR). Finally, a baseline removal algorithm was applied, using the 200ms preceding the "GO" picture period as baseline. The data were recorded using OpenViBE [36] and pre-processed using Matlab/EEGLab [13] .
Results
The SPSS software [34] was used to perform the behavioural statistical analyses, while the neurophysiological analyses (statistics and visualisations) were performed using Matlab and the EEGLab Plug'In [13] .
Behavioral results
Manipulation of the Agency: A 2-way ANOVA for repeated measures considering the Run (R 3 : run1 vs. run2 vs. run3) and the Manipulation (M 2 : manipulation vs. no manipulation) as factors was performed to investigate the effectiveness of our manipulations to modulate users' SoA. Thus, the dependent variable was the average perceived agency score, self-reported after each trial. The normality assumption was respected, based on the Shapiro-Wilk test. However, the sphericity assumption was violated for the Run*Manipulation interaction (p=.012) according to the Mauchy's sphericity test. Thus, we corrected the degrees of freedom (using the Huynh-Feldt correction) when reporting the results of this analysis. The scores attributed after each trial indicate that we managed to manipulate participants' agency. The perceived agency scores were significantly lower in the manipulated trials (modulation of the priority, consistency or exclusivity principles) than in the non-manipulated trials. The ANOVA indeed revealed a main effect of the Manipulation [F(1,23) Figure 4 , down. Nonetheless, we should stay cautious when interpreting these comparisons as we do not have any formal metric enabling the comparison of the level of manipulation of the agency generated by the different modalities of each principle. In other words, the differences of perceived agency could be due to the modalities selected rather than to the principles themselves. However, most importantly, all the Modulation-Types seem to be efficient to manipulate users' SoA. Indeed, the average score of perceived agency was significantly lower in the manipulated trials (i.e., supposed low agency conditions) than in the non-manipulated trials (i.e., supposed high agency conditions), as suggested by the ttests for paired samples: non-manipulated vs. Priority [t (23) 
Neurophysiological results
First, it should be noted that 4 participants had to be excluded from the neurophysiological analyses due to inoperable EEG data (too many artifacts). The following analyses were thus performed on the remaining 20 participants. As a reminder, data were first pre-processed as explained in Section 5.5. In order to investigate the specific neurophysiological correlates of the SoA, spectral Power analyses were performed in the δ (1-4Hz), θ (4-8Hz), α (8-14Hz) and β (14-30Hz) and γ (30-40Hz) frequency bands. The statistical analyses aimed at determining if the recorded signal power was different between the conditions, i.e., Modulation vs. No-Modulation, for each of these frequency bands, at different time slots. Indeed, we separated the trials into 4 slots: (1) pre-trial (the 200ms preceding the "GO" cue), (2) trial beginning ([0;500]ms after the "GO" cue), (3) feedback processing ([500-1000] after the "GO" cue) and (4) rest of the trial ([1000-7750] after the "GO" cue). The feeling of agency is supposed to occur during the trial beginning period while the judgment of agency should occur during the feedback processing period. These analyses were performed using permutation statistics, with a threshold p-value fixed at 0.05, completed by a False Discovery Rate (FDR) correction for multiple comparisons. These analyses revealed significant differences between both conditions in the θ frequency band:
• during the trial beginning slot ([0;500]ms after the "GO" cue):
over left fronto-central (FC1) and parietal (Pz, P3, PO3, PO7) areas (p ≤ .05) -with a larger event-related synchronisation (ERS -i.e., increase of the signal power compared to baseline) in the no-Modulation condition (i.e., in high agency). This pattern might be specific to the feeling of agency.
• during the feedback processing slot ([500-1000]ms after the "GO" cue): over right temporal areas (C6) (p ≤ .01) -with a greater ERS in the Modulation condition (i.e., in low agency). This pattern might be specific to the judgment of agency.
These results are depicted in Figure 6 . To summarise, these analyses suggest that the SoA could be underlain by 2 neuromarkers, potentially reflecting each of the two components of the SoA, namely the feeling and the judgment of agency.
Discussion
This experiment aimed (1) at validating our approach to manipulate the SoA in a controlled VR experiment through the modulation of the 3 principles and (2) at validating the possibility to rely on specific neurophysiological markers, using EEG, to measure the SoA -and more specifically its two components. On the one hand, our results show that our attempt to manipulate the SoA was successful: indeed, the scores of perceived agency were significantly lower for all of the principle modulation-types compared to non-manipulated trials (p ≤ .001). On the other hand, our results revealed specific neurophysiological patterns that seem to be consistent with the literature. Indeed, a stronger activation in the θ frequency band was measured at early stages of the trials over the left frontal areas when participants felt in control, while a stronger activation, also in the θ frequency band, was measured after the feedback was perceived and processed over the right parietal areas when participants did not feel in control. Given their timing as well as the brain structures they seem to be associated to, these neuromarkers could potentially reflect the two components of the SoA. More precisely, the frontal activation at early stages of the trials in high agency conditions might correspond to a stronger activation of the pre-motor cortex when participants experience a high feeling of agency. Also, the temporo-parietal activation later in the trials in low agency conditions could correspond to a stronger activation of the right posterior-parietal cortex when participants attribute the outcome to something/someone else then themselves, i.e., experience a low judgment of agency. Finally, our results suggest that participants' LoC influences significantly their basic level of agency as well as their feeling of immersion in the virtual environment. More precisely, the "intern" dimension score of the LoC enabled to explain more than 43% and 47% of the variance of participants' levels of agency and immersion, respectively. This result is compelling when considering that this is only one dimension of participants' personality and that so many other factors could take part in explaining modulations of the SoA in VR. This result stresses the importance of considering users' profile when trying to understand their level of agency, and maybe more generally their level of immersion.
GENERAL DISCUSSION
This study enabled us to validate the previously-introduced approaches of manipulation and measure of the SoA in a VR experiment. Twentyfour participants took part in a study during which they were embodied in a virtual avatar, in the first person perspective. They were asked to perform pre-determined movements and were provided with a visual feedback that was either manipulated (through the modulation of one of the three principles) or not manipulated. Results revealed that participants rated their SoA significantly lower in the manipulated than in the non-manipulated trials, whatever the principle modulated. It suggests that the three principles are relevant to be considered in VR. Indeed, the manipulations of the priority, exclusivity and consistency principles all induced a significant decrease of the SoA. The specific neurophysiological correlates of each of these manipulation types should now be further investigated. Interestingly enough, [3] had advocated that body ownership illusion could moderate the necessity of the exclusivity principle to be respected to experience a SoA. Our results (through the scores provided at the final questionnaire) show that participants felt immersed but felt significantly less in control when the exclusivity principle was modulated. Further analyses could provide insights on potential correlations between the feeling of immersion, of body-ownership and the effect of the exclusivity principle. In any case, this first result reinforces our hypothesis according to which the three principles are relevant and should be taken into account when investigating the SoA in VR. Second, it appeared that participants' profile, and more specifically the "Intern" dimension of the Locus of Control had an impact on their basic level of agency as well as on their feeling of immersion. Therefore, the user's profile should also be considered when investigating the factors impacting the SoA in VR. Third, the neurophysiological measures revealed the same patterns as the ones described in the literature. First, a stronger activation in the θ frequency-band was revealed at early stages of the trial when the participants felt in control, potentially reflecting a high feeling of agency. Second, a stronger activation in the same θ frequency-band was reported once the feedback was perceived when participants do not feel in control, potentially reflecting a low judgment of agency. The attribution of these EEG modulations to the feeling and judgment of agency specifically is only an hypothesis that should be further investigated in future works. The next step will consist in applying source reconstruction algorithms in order to determine more precisely the sources of the signal. Indeed, due to the poor spatial resolution of the EEG, we should stay cautious when inferring the precise location of the zones activated. Nevertheless, the strong differences between the high and low conditions as well as the apparent consistency between the literature and the obtained scalp maps is very encouraging. Also, this is the first time such correlates are revealed using surface EEG, thus offering extremely promising perspectives. Indeed, EEG is harmless, portable and is getting cheaper and cheaper with the emergence of EEG caps for the general public. Thus, the use of EEG in VR could be subject to a considerable expansion. The next challenge thus consists in determining if the highlighted neurophysiological markers could be used to perform on-line, i.e., real-time measures of the SoA. If that is the case, the EEG would enable a continuous monitoring of users' SoA and thus benefit the analysis and understanding of training approaches based on VR (e.g., one may hypothesise that in case of a cognitive-behavioural therapy of phobia, a low SoA of the patient in the VE might induce a low efficacy of the therapeutic approach). Also, for now, we are not able to compare the impact of each of the principles as we had no means to quantify the relative magnitude of the chosen modalities for each principle. If further investigations of the neurophysiological correlates of the SoA revealed a linear relationship between these markers (i.e., the fluctuations of amplitude of specific brain rhythms) and the SoA, it would provide an objective measure of the influence of each principle on the SoA. Notably, the priority principle is always slightly modulated as the feedback is provided in near real-time (≤50ms latency) in non-manipulated trials. It would be interesting to assess the impact of this near real-time display on users' SoA and to determine the theoretical maximal SoA reachable as well as, more generally, a slope representing the SoA as a function of the lag. In addition, further neurophysiological analyses could enable us to determine the relationships between the two components and three principles of the SoA. For instance, the modulation of the different principles could be proved to alter differentially the feeling and judgment of agency. These elements would deeply improve our understanding of the SoA as well as provide powerful tools to evaluate the relevance of virtual environments and interaction paradigms, thus most likely leading to their improvement.
CONCLUSION & FUTURE WORK
This paper provided four main contributions: (1) the characterisation of the SoA as a two-component process (divided into the feeling and the judgment of agency) which relies on three principles (the priority, consistency and exclusivity principles), (2) the proposition of an approach to manipulate the SoA in virtual environments through the modulation of its three principles, (3) the proposition of an approach to measure the SoA, and more specifically its two components, using surface EEG and finally (4) the validation of these approaches to manipulate and measure the SoA thanks to an experiment (N=24 participants).
By way of a conclusion, it can be stated that by bringing forward the literature from different research fields we could be provided with promising new approaches to investigate and deepen our understanding of the SoA in VR. Our paper provides a first contribution to this end. We provided a new perspective to apprehend the different dimensions of the SoA, and to manipulate and measure the SoA in virtual environments. As stated in the discussion, further investigations are required first to evaluate how and how much each of the principles influences the SoA, and second to assess the suitability of the neurophysiological markers to be used for real-time and continuous monitoring of the SoA.
In the long term, this work could benefit different applications. In the field of video-games for instance, the on-line monitoring of the SoA could be used to test the quality and relevance of a virtual environment and of its associated interaction paradigm relatively to the principles of priority, consistency and exclusivity. But this work could also be of interest for therapeutic applications. Indeed, a high θ -power in right temporo-parietal areas has been revealed during auditory-hallucinations in schizophrenic patients [6] . This region being typically activated when one does not feel in control, this pattern could at least in part explain why schizophrenic patients tend to attribute these hallucinations as manifestations of the fact that other people or forces would control them. Using on-line monitoring of the SoA and of this marker during cognitive-behavioural treatments might help to detect, explain and manage these patients' hallucinations. These two examples reflect the wide range of applications that could benefit from this work.
